Using the Fourier Transform Spectrometer at Lund Observatory, intensity calibrated spectra of singly ionized zirconium have been recorded and analyzed. Oscillator strengths for 263 Zr ii spectral lines in the region 2500-5400 Å have been derived by combining new experimental branching fractions with previously measured radiative lifetimes. The transitions combine 34 odd parity levels with 29 low metastable levels between 0 and 2.4 eV. The experimental branching fractions have been compared with theoretical values and the oscillator strengths with previously published data when available. The oscillator strengths have been employed to derive the solar photospheric Zr abundance based on both 1D and 3D model atmospheres. Based on the seven best and least perturbed Zr ii lines in the solar disk-center spectrum, we determine the solar Zr abundance to log ε Zr = 2.58 ± 0.02 when using a 3D hydrodynamical solar model atmosphere. The new value is in excellent agreement with the meteoritic Zr abundance.
Introduction
In chemical analyses of cosmic plasmas, such as stellar atmospheres, nebulae and the interstellar medium, there is a need for accurate experimental values of atomic parameters, e.g. wavelengths, oscillator strengths and energy levels. The chemical analysis of a stellar atmosphere involves the determination of elemental abundances, where some elements may be of more importance than others. One such example is zirconium, since it is a member of the Sr-Y-Zr triad and therefore important for studies of the s-process nucleosynthesis (e.g. Busso et al. 1999) . The zirconium abundance can be measured from stellar absorption lines provided that the inherent line strength, the oscillator strength ( f -value), is known. For example, the solar zirconium abundance has been determined from Zr I and Zr II lines (e.g. Biémont et al. 1981) . Zirconium is overabundant in the HgMn star χ Lupi but the abundances derived from Zr ii and Zr iii lines do not agree (Sikström et al. 1999) .
Previous experimental determinations of oscillator strengths for 321 lines in Zr ii have been made by Corliss & Bozman (1962) using an arc as a light source. Biémont et al. (1981) reported oscillator strengths for 31 lines using branching fractions and lifetimes. Bogdanovich et al. (1995) calculated oscillator strengths for 15 Zr ii lines using the superpositionof-configurations method. Malcheva et al. (2006) reported transition probabilities for 243 transitions combining experimental data with relativistic Hartree-Fock calculations including corepolarization. In this paper we present oscillator strengths for 263 Zr ii lines in the spectral range 2500 to 5400 Å. From line intensities measured with the Lund Fourier Transform Spectrometer (FTS), we have derived branching fractions (BFs), Tables 2 and 3 are only available in electronic form at http://www.edpsciences.org which are combined with lifetimes from laser induced fluorescence measurements by Biémont et al. (1981) , Langhans et al. (1995) and Sikström et al. (1999) . The line intensities are calibrated for the instrument response and corrected for selfabsorption. The contribution from lines not possible to measure is calculated with the Cowan (1981) code.
The solar abundance of zirconium has been investigated by for example Biémont et al. (1981) , Gratton & Sneden (1994) and Bogdanovich et al. (1995) . Biémont et al. found a value of log ε Zr = 2.56 ± 0.05 using 34 Zr i and 24 Zr ii lines, which Gratton & Sneden revised by using a different 1D solar model atmosphere while adopting the same input line data. Bogdanovich et al. derived a value of log ε Zr = 2.60 ± 0.06 using 21 Zr i and 15 Zr ii lines using new theoretical oscillator strengths. These studies have relied on measured equivalent widths to derive the Zr abundances. In all cases the quoted errors are twice the error of the mean value, while the line-to-line scatter is substantial, implying large uncertainties in the transition probabilities. The solar Zr abundance (log ε Zr = 2.59 ± 0.04) adopted in the compilations of Lodders (2003) and Asplund et al. (2005a) stems from the Zr i result of Gratton & Sneden. In the present study, we perform a new analysis of the solar Zr abundance using our improved laboratory transition probabilities of Zr ii while selecting only the best solar features. For the purpose, we have employed both a time-dependent, 3D hydrodynamical model of the solar atmosphere (Asplund et al. 2000a ) as well as two standard 1D hydrostatic models: the Holweger & Müller (1974) semiempirical and the marcs (Gustafsson et al. 1975; Asplund et al. 1997 ) theoretical models.
The Zr II spectrum
Zr ii is a complex spectrum because its configurations are based on multiple series limits. The 2 5p and 4d5s5p of odd parity and 4d 3 , 4d 2 5s and 4d5s 2 of even parity, and they are plotted in the term diagram in Fig. 1 . As can be seen in the figure the distance between 5p and 5s is about 20 000-40 000 cm −1 for all the transitions, and the spectral lines occur consequently in the wavelength interval 2500-5000 Å.
Experimental oscillator strengths
The oscillator strength f is related to the transition probability A ik :
where g i and g k are the statistical weights for the upper and lower level, λ is the wavelength in Å of the transition, and A ik is the transition probability in s −1 . The transition probability is derived from the BF and the lifetime (τ i ) of the upper level,
Absolute A ik -values (and thus f -values) are obtained from experimental data on BFs and lifetimes.
Branching fractions (BFs)
The BF of an emission line is related to the transition probability or the intensity for the line:
where A ik is the transition probability of the line from the upper level i to the lower level k, and I ik is the intensity of the line. The sums are over all possible transitions originating from the same upper level i. The intensities, from which the BFs are derived, were measured with the Chelsea Instrument FT500 UV FTS in Lund. The light source was a hollow cathode (HC) discharge lamp with a cathode of pure zirconium. Spectra were recorded at a current of 0.4 A, a voltage of 500 V and a pressure of 0.6 torr of the argon carrier gas. The recordings were made in two intervals, 20 500-41 000 cm −1 and 17 400-34 800 cm −1 , because of the use of two different detectors. An extract of the spectrum is shown in Fig. 2 . The measurements in the spectra were made with the program Xgremlin (Nave et al. 1997 ) (based on the Decomp code by Brault & Adams 1989) , where a Voigt profile was fitted to the line. The measured equivalent width of the fitted emission line was used as a measure of the intensity.
The intensity calibration of the spectra was made with known branching ratios (BRs) for argon lines (Whaling et al. 1993; Hashiguchi & Hasikuni 1985) , and the instrument response function was constructed by comparing with BRs derived from the intensities measured in our spectra. Argon is suitable for calibration since it covers a wide wavelength interval, and there are levels with many branches distributed over the relevant frequency interval.
Strong lines to low energy levels can be affected by selfabsorption, i.e. the measured intensity becomes too small since the population of the lower level is high and photons can be reabsorbed in the light source. The effect of self absorption is checked by measuring the BR of one optically thick and one optically thin line for different level populations. This was performed by measuring BRs at different currents for all potentially optically thick lines. Interferograms with currents from 0.15 to 0.50 A in steps of 0.05 A (two for each current) were recorded with the HC lamp burning at the same gas pressure. A plot of the BR against the current shows either a horizontal straight line or a straight line with a slope. The horizontal line indicates that there is no self-absorption, but a tilted line is an indication that at least one of the two spectral lines defining the BR is influenced by self-absorption. The graph is extrapolated to zero current which represents the optically thin case. Thus, the BR adopted is the value obtained for zero current.
Since the lines were measured in two different spectral regions the intensity calibration had to be set on the same scale. This was done by measuring the intensities for as many lines as possible in the overlapping region and deriving a normalization factor, viz. the mean ratio between the two intensities measured for each line.
The BF is defined as the transition probability of a line divided by the sum of the transition probabilities of all lines from the same upper level (Eq. (3)). But, if all lines cannot be measured the intensity sum will not be correct. Lines can for example be missing because they are too weak to be measured A parametric fit of the calculated energy levels to observed energies for some of the configurations was made to obtain the final wavefunctions. The calculations are part of an ongoing project on the term analysis of Zr II, including a large number of new energy levels.
The experimental log g f values are compared with the theoretical ones in Fig. 3 , and predicted BFs for missing lines (the residuals) are reported in Table 2 . The theoretical BFs are scaled with the experimental lifetimes and are in most cases in agreement with the experimental ones. Experimental intensities indicate however that some levels have a strong mixing, which is not fully reproduced by the calculations. This is especially true for the term y 4 D, but since the residuals are small (1-4%), even a more sophisticated calculation would not change the residuals more than a few percent.
Oscillator strengths
From Eqs. (1) and (2) the oscillator strength can be derived using the BF and the lifetime.
The uncertainty in the oscillator strength and transition probability is almost the same, since f is proportional to λ 2 A, and the uncertainties in wavelengths are much smaller than those in A-values. The uncertainty in the transition probability, u(A ik ) is dependent on the uncertainties in the BFs, i.e. the intensities, and in the lifetimes, and they are assumed to be uncorrelated. The relative uncertainty u r (A ik ) of the transition probability A ik is given by (Sikström et al. 2002) : where
is the relative uncertainty in the intensity and
is the relative uncertainty in the measured lifetime. The sum is taken over all the lines originating from the same upper level as the line in question. BF res is the BF for the missing lines, the residual, and the constant q in front is a measure of the uncertainty in the residual. Sources of uncertainty are the lifetime measurements, intensity measurements, calibration, selfabsorption and connection of measurements in different spectra. These are calculated and the combined relative uncertainties in the oscillator strengths are given in the tables among the other results.
In this work the transitions from 34 energy levels of Zr ii have been investigated, and oscillator strengths for 263 Zr ii lines have been determined by combining experimental BFs and radiative lifetimes. The lifetimes used to derive oscillator strengths from the BF-values were taken from different papers (Langhans et al. 1995; Biémont et al. 1981; Sikström et al. 1999 ). The experimental and theoretical BFs and the f -values are given in Table 2 , where the lines are sorted by upper level. Ritz wavelengths and level designations are taken from an ongoing term analysis of Zr ii, based on FTS spectra.
A finding list with the log g f -values for in total 263 Zr ii lines are given in Table 3 . The uncertainties of the oscillator strengths are in most groups around 10%, but in some cases higher. The high values may be due to low signal-to-noise ratio or high uncertainty in the calibration for lines above 37 000 cm −1 . Recording with a detector sensitive in that region was made but the different recordings could not be connected.
Only one line was found to be blended with argon and therefore much stronger than expected. Recordings with neon instead of argon showed that the Zr ii line was too weak to be measured and therefore included in the residual.
Comparisons with previous determinations of log g f -values are shown in Figs. 4-6 (note the different scales). Our new values agree with those of Biémont et al. (1981) but are in general a bit higher. The scatter is larger when comparing to Bogdanovich et al. (1995) , which is to be expected since that work only included theoretical calculations. Compared to Malcheva et al. (2006) diagrams are those we had problems with reproducing in the theoretical calculations, as discussed in Sect. 3.1.
Solar abundance analysis
The most obvious application of the presented transition probabilities for Zr ii lines is in stellar elemental abundance analyses. As an example of the improved accuracy that can now be achieved, we have revisited the issue of the solar Zr abundance, which has previously been determined by Biémont et al. (1981) ; Gratton & Sneden (1994) and Bogdanovich et al. (1995) . Besides having more accurate atomic line data, we also improve on these studies by employing a time-dependent, 3D, hydrodynamical model of the solar photosphere (Asplund et al. 2000a ). This 3D model has in the past few years been applied to new determinations of the solar chemical compositions of all elements up to Ca as well as Fe in a series of articles (Asplund et al. 2000b; Asplund 2000; Asplund et al. 2004; Asplund 2004; Asplund et al. 2005a,b; Allende Prieto et al. 2001 Scott et al. 2006) . For comparison purposes, we have also carried out an analysis using two well-used 1D hydrostatic models: the semi-empirical Holweger & Müller (1974) and the theoretical marcs (Gustafsson et al. 1975; Asplund et al. 1997 ) solar model atmospheres.
We have critically evaluated all the solar Zr ii lines for which oscillator strengths have been determined in this work, in both the Liège Jungfraujoch (Delbouille et al. 1973 ) and Brault & Neckel (1987) disk-center solar atlases. We have rejected all lines which are significantly perturbed by blending with atomic or molecular lines or are too weak for a reliable abundance to be determined. We have also rejected those lines where the placement of the continuum level is uncertain. This is one of the largest uncertainties for lines around 3000-4000 Å. In the end, we retained only seven lines for which the relevant line data are given in Table 1 . Our sample is still sufficiently large not to be affected by possible spurious effects on individual lines, in particular since the derived abundances agree almost perfectly in all cases, as described below. The individual Zr abundances were estimated using profile fitting for the 3D hydrodynamical model atmosphere under the assumption of local thermodynamic equilibrium (LTE) for the spectral line formation. As shown in Asplund et al. (2000a) , in 3D there is no need to invoke micro-and macroturbulence in order to achieve the correct theoretical line broadening due to the presence of Doppler shifts from convective motions and temperature inhomogeneities. The equivalent widths of the best-fitting 3D line profiles are given in Table 1 together with the determined Zr abundances. These line strengths have been used to estimate the 1D abundances using the marcs and Holweger & Müller models, which are also given in Table 1 .
The mean 3D LTE-based solar Zr abundance is log ε Zr = 2.58 ± 0.02 where the error is the standard deviation of the individual line abundances. There are no significant trends in abundance with wavelength, excitation potential or line strength. The corresponding results for the marcs and Holweger & Müller models are log ε Zr = 2.56 ± 0.02 and log ε Zr = 2.63 ± 0.02; as expected for a majority species like Zr ii the 3D abundance corrections are relatively minor in the case of the Sun (Asplund 2005) .
The derived solar Zr abundance is apparently not very sensitive to the exact choice of model atmosphere with a difference of 0.07 dex between the theoretical marcs and the semi-empirical
Holweger & Müller 1D model atmospheres. Of the three models investigated here, we believe the 3D model is the most realistic due to its proper treatment of convection and accounting for atmospheric inhomogeneities. This 3D hydrodynamic solar model has previously been shown to produce essentially perfect agreement with observed line shapes, shifts and asymmetries (Asplund et al. 2000a ) which is not possible with any 1D model. The agreement between different atomic and molecular abundance indicators for C and O is also vastly improved compared with for example the Holweger & Müller model (Asplund et al. , 2005b . We do note, however, that the significantly lower solar C, N and O abundances resulting from a 3D analysis (Asplund et al. 2005a ) cause severe problems for solar interior models compared with helioseismology (e.g. Bahcall et al. 2005) , which deserves further work to understand.
Compared with previous solar Zr abundance analyses, the line-to-line scatter in our study has decreased dramatically: Biémont et al. (1981) and Gratton & Sneden (1994) for example both obtain a standard deviation of 0.14 dex due to their lower quality transition probabilities and inclusion of less reliable lines; when only considering the six lines in common with our work their standard deviations decrease to 0.11 dex or 0.07 dex when furthermore also removing the 5112.2 Å line. The small difference with the mean abundance of Biémont et al. (1981) is fortuitous as the differences in g f -values (≈−0.07 dex) are compensated by their equivalent widths typically being larger than those given in Table 1 and their use of the Holweger & Müller (1974) model rather than our 3D hydrodynamical model atmosphere.
Conclusions
Oscillator strengths for Zr ii have been derived by combining new experimental branching fractions with previously measured radiative lifetimes. 263 spectral lines in the region 2500-5400 Å combine 34 odd parity levels with 29 low metastable levels between 0 and 2.4 eV. All the log g f -values can be found in Table 3 .
Based on the new data for Zr ii we recommend a solar photospheric Zr abundance of log ε Zr = 2.58 ± 0.02. This is in excellent agreement with the meteoritic value of log ε Zr = 2.57 ± 0.02 (Asplund et al. 2005a ). Biémont et al. (1981) . b Langhans et al. (1995) . c Sikström et al. (1999) . d Uncertainty in% in the f -value. Note -Uncertainty in lifetime is given by figures in parentheses representing uncertainty in last figure(s). 
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